The equations of internal ballistics are developed for a gun in which the propellant gases can escape by a vent, whose area can be, in the most general case, a function of time or travel. The most important special cases are treated in detail. The theory has been applied to the testing and design of recoilless guns, to the leakage past the projectile in smooth-bore mortars and to the calculation of the loss of performance as a gun wears.
I t is convenient to mention at this point some of the technical matters to which the writer and his collaborators have applied the equations of this paper. The results themselves are mainly of engineering interest, and are, in any case, confidential. Problems treated in connexion with the recoilless gun have included the optimum design of such weapons, their best field of application, the possibilities of using a muzzle brake on a recoilless gun, as suggested by Cooke (1921) , the best bursting pressure for the disk which initially seals the nozzle, adjustments required for extreme climatic conditions, and the examination of certain claims made for such guns. The gas leak past the projectile in a smooth-bore gun is another field of applica tion for our methods. In the more elaborate of such guns this leak is prevented by an obturating device on the shot, but this is hardly possible on the muzzle-loading smooth-bore mortar. This is, next to the rifle, the most numerous of all weapons, and a good case can be presented for the thesis th a t the m ortar is the most im portant of all. The clearance between bomb and barrel causes the muzzle velocity to drop by about 5 %. This would not be im portant were it not th a t bombs differ in diameter. The resulting spread in velocities, and hence in range, was calculated from this theory, and later confirmed by check firings. I t was found th a t firings carried out on three types of mortar in two countries, analysed by independent statisticians, agreed with the theory.
In a worn orthodox gun, firing shot which are fixed in the mouth of a cartridge case, there is a considerable ' run-up ' before the driving band of the shot engages the rifling. This run-up may amount to as much as several calibres. There is, con sequently, a loss of gas in the earliest stages of the firing, and this is responsible for some of the loss of performance as a gun wears. This application differs from those mentioned earlier in th at the leakage area for the escape of gas is not constant, being now a rapidly varying function of shot travel. The equations of this paper are still applicable, though not the simplest of the methods of solution. The work in this field has shown th at the worn gun can be treated in a manner as exact as th a t in which orthodox internal ballistics deals with a new gun.
O u t l i n e o f t h e t h e o r y
The assumptions underlying our more accurate method ( §5*1) are listed, starting with those points which occur also in the internal ballistics of orthodox guns. This will make clear the relation to normal internal ballistics.
Assumptions
(i) The propellant burns in parallel layers.
(ii) The covolume per unit mass of propellant gases is independent of their tem perature. This is a normal and accurate assumption.
The following assumptions are associated with the features peculiar to the vented g u n :
(iii) No unburnt cordite is lost through the nozzle. This is obviously true for smooth-bore guns with a small leakage area between shot and bore, and also for orthodox worn guns. In many types of recoilless guns the cordite is effectively trapped by the cartridge case. Even in the most unfavourable case, th at of guns such as shown in figure 2, the losses of unburnt cordite are small unless the charge burns very slowly.
(iv) I t is assumed th a t the bursting of the disk which closes the nozzle and the setting up of the flow out of the gun can be represented by the use of the familiar equations for quasi-steady flow through nozzles, beginning instantaneously a t a certain pressure. This will be called the 'nozzle-start pressure'.
The use of this idealization requires a certain amount of care. For guns with thin bursting disks, such as the paper or sheet brass used in certain designs, the breaking of the disk occurs a t a time when the rate of increase of pressure is small; hence, in the time taken by the flow through the nozzle to start and settle down,! the pressure in the chamber does not rise much. The 'nozzle-start pressure' is low-indeed, such guns can usually be treated on the assumption of a zero nozzle-start pressure. Thickening the disk delays the initial nozzle flow until an epoch where the pressure is rising rapidly, and the ' nozzle-start pressure ' under these conditions is consider ably greater than th a t needed to break the disk. The apparent 'nozzle-start pressure ' would therefore be expected to show a very rapid increase with disk thickness once this has passed a certain critical value. This appears to be borne out by experience with German recoilless guns, where plastic disks as thick as a third of a calibre have been used.
In the basic equations and in the more exact of the two methods of computation derived from them, it is not assumed th at the nozzle throat area is constant during the firing. In most recoilless guns the throat area is constant; in certain other cases of vented weapons, however, the vent area varies during the firing. This is the case, for example, with the leakage in worn orthodox guns. Such problems can be attacked by the method of numerical integration given in § 5 -1.
All covolume corrections are included, apart from those which can be proved to be trivial.
Corrections for the pressure distribution down the bore of the gun are quite different in the recoilless gun from those in the normal gun. In the latter there is a stagnation point at the breech; in recoilless guns the stagnation point is not fixed, and spends most of its time near the front of the chamber or in the bore. The ordinary Lagrange corrections cannot be used in the recoilless gun. Lagrange corrections have been omitted, and therefore the equations are not applicable to guns of high muzzle velocity.
I t is assumed th a t the rate of burning is proportional to some power of the pressure. This is the conventional assumption where a form of a wide generality is required. However, there is no difficulty in writing down the equations with any other law of burning. Now consider the more rapid analytical method, given in §5-2. This uses the further assumption th at the rate of burning is proportional to pressure.
In this method the interaction of the shot with the gun as an idealized engraving resistance which disappears as soon as the projectile moves. This is no doubt a violent approximation, but in orthodox ballistics there are at least three justifica tions. This behaviour is easily included in the ballistic equations; physically more accurate assumptions would lead to more parameters, which it would be difficult to evaluate experimentally; in any case the calculated ballistics are not sensitive to the way in which the resistance to motion is taken into account; for example, the replacement of a shot-start resistance by a 'modified web size', chosen to give the same maximum pressure, has very little effect on the muzzle velocity and pressurespace curve.
In normal practice the shot-start pressure is chosen to reproduce the observed maximum pressure in the gun, and the overall accuracy of the calculation is checked by the comparison of muzzle velocities. Any factor which has been omitted from the ballistic calculations and which affects the maximum pressure, appears in the 'shot-start pressure'. For example, the heat loss to the bore is often neglected. This means th at the 'shot-start pressure' necessary to give the observed maximum pressure then depends on the heat loss to the walls as well as on the nature of the band and rifling. This well-known fact appears in an obvious form in experiments with unorthodox bands. However, the muzzle velocity is not sensitive to such imperfections of the 'shot-start' model and usually good agreement can be obtained.
In the more accurate work ( §5-1) there is no restriction to this particular idealiza tion of the initial resistance to motion, and in particular cases resistances which were functions of the shot travel have been used, sometimes in combination with a shotstart pressure.
T h e e q u a t i o n s o f i n t e r n a l b a l l i s t i c s o f a l e a k i n g g u n
(3*1) Notation Let the area of the cross-section of the bore be A , and the chamber volume, measured out to throat of nozzle, be U. Let the charge weight be C and shot weight be W.Take l as the total shot travel and S as the area of the throat through which the gas escapes. Write the shot travel at time as and the velocity as V. Let the fraction of charge burnt be (}> , and the mass of gas present in the gun be Denote the remaining least dimension of propellant grain by where D is the initial web size of the cordite. The quantities ^ and / are connected by the geometry of the partially burnt pieces of propellant, a relation which in British practice is usually written as = < !-/> ( 1 + 0/ ) .
where 6 is the 'form-factor' of the grain. For example, 6 is zero for long tubes and unity for long cords. Not all possible forms of the relation between < {> and / can be represented by (1); propellant chopped into short lengths shows higher terms in /. However, all propellant shapes found in practice either obey (1) exactly or can be approximated satisfactorily by a suitable constant 0.
(1) will be used in the remainder of this paper. Let the propellant have covolume r j, density dia pressure P , and let the uncooled explosion temperature (without performance of external work) be T0° K. Let R be the gas constant per g.mol., divided by the mean molecular weight of the propellant gases, so th at RT0 is the quantity usually known as the ' force constant ' of the propellant. The equation of state of the products of uncooled explosion is P(v-7)) = ET0, (2) where v is the volume per gram.
The internal ballistics of a leaking gun 241 (3-2) Pressure and density in the gun
The standard theory assumes th at the density of gas is independent of position in the gun. This assumption is used here; let the density be p. Hence
Let P be the mean pressure in the gun, and T° K the mean temperature of the gas in the gun, both at time t. As corrections for pressure gradient are omitted, P is taken also as the pressure on the shot and as the mean pressure acting on the burning propellant.
Therefore, p |^ -r/) = R T , which from (3) becomes
Numerical examples have shown th at for most guns with a substantial leak, such as recoilless guns with nearly balanced recoil, this equation may be replaced by
with ample accuracy, right up to the time when the charge is all burnt, 1. In a typical case, the error in the pressure due to the use of (5) was at most 0*5 %, which occurred in the early stages; the error decreased with time until 0 = 1, and was 0-3 % when < j > -This is about a tenth of the corresponding error in an orthodox gun at the same stage of burning.
In exceptional cases errors have been found of as much as 10 % in pressure due to this approximation. I t has been found that for a given gun and projectile these percentage errors are almost independent of the loading and initial conditions, and are substantially constant over the important period of high pressures in the firing. These observations justify the following method of correction: equation (5) is always used, and on first calculations with a new gun the percentage error at maximum pressure is found due to the use of (5) instead of (4). If this error is appreciable all future runs are corrected by this factor. In the exact method it is necessary only to multiply NCRT by the appropriate factor to get the corrected pressure. In the approximate method ( § 5-2) the correction is absorbed into RT0, using the corrected value, say RT01, to replace RT0 only in equations (40), (50), (51), (56) and (57).
Where the leakage is small, as in smooth-bore guns and eroded guns, the approxi mation (5) is as inaccurate as in orthodox internal ballistics.
After ft = the approximate equation (5) becomes inadequate in all cases, and in this part of the solution the exact equation (4) will be used.
The equation of motion of the shot is
The law of burning is =
and, as already explained, the connexion between and / is 0 = ( W ) ( i + 0/)-(8) I t should be mentioned th a t the geometrical interpretation of the variable / and of the relation between ft and / is obscured by inhomogeneity of the charge, imperfections of charge units, failure to burn by parallel layers, and certain other effects. Nevertheless, it is still mathematically convenient to use (7) and (8), with / merely a certain auxiliary variable which could be eliminated to give a single, more complicated, equation expressing the burning law.
(3-3) Flow through the nozzle Let CpjCv = y for the propellant gases at the temperatures in the gun. I t is convenient to introduce a quantity e, defined by
For normal propellants e is rarely more than 0*35, this corresponding to pressures in the neighbourhood of 25 tons/sq.in.
The gases leave the chamber and enter the nozzle with an initial velocity. This can be taken into account by using a fictitious pressure and temperature (in the usual equations for flow out of a reservoir), such th at the gases could expand from rest a t this pressure Pr and temperature Tr down to the velocity, pressure and temperature which they possess a t the nozzle entry. In the present work the reservoir pressure and temperature are taken equal to the space-mean values P and T. The rate a t which mass crosses the throat = Q, say, is in one-dimensional nozzle theory, neglecting energy losses,
with an error involving e, less than 6| % for all e up to 0-35. The most im portant e terms in the formulae for nozzle flow have been given by Rateau (1932) , or can be derived immediately from his results. Equation (10) can be written as
This function xjr is insensitive to changes in , and it is found th at \Jr lies within 1 % of 0*659 for all Service propellants. In view of the omission of energy losses in the nozzle, it is preferable to leave \}r as an adjustable constant, which may vary with the nature of the leakage channels, but which should be the same for all charges in a given gun. rfr will be referred to as the 'nozzle discharge coefficient '. For recoilless guns with well-streamlined nozzles, ^ lies near 0*63. On the other hand, where the leakage passage is tortuous, as in the escape of gas past the shot in a worn gun, energy losses are greater and values of ' ijr of 0*6 or less seem to be sui I t is assumed th at no unburnt cordite passes the nozzle throat. The equation
(3*4) Energy equation for the propellant gases
In time dt the gas gives kinetic energy A to the sho from the cordite, and C(d<j) -dN) passes out through the nozzle. This process can be divided into three steps:
(i) The gas, of internal energy NCE(T), provides kinetic energy A P d x\ in this stage the temperature changes by
where cv is the specific heat (at constant volume) of the gases, at temperature T; since cv -R/(y -1), (14) can be written as
(ii) A mass Cdcj), with internal energy E(T0) Cd<J>, enters the gas; hence
Cd(j> E(T0) = CNcvd T + Cd<j>E(T),
and so
if cv is constant over the range T to T0.
A mass C(d<p -dN) escapes through the nozzle. Since the expansion is adiabatic, then
Summing all three effects (15), (16) and (17), and, using (13),
H eat losses can be included in the way explained by K ent and Vinti. If the heat loss is approximated by y x iW V 2, where y is a constant, one can write and should then replace y -1 by y -1 in th a t term of (18) which involves dxjdt.
The term (y -l)e can be omitted with an error which reaches 7 % a t 0-35, and is almost exactly compensated by the error in using a constant \{f. One may write, therefore, Four special points in the motion are distinguished: nozzle start, shot start, 'all b u rn t' and shot ejection. Quantities a t these epochs are denoted by suffixes SS , B and E. I t is assumed that flow through the nozzle begins at a pressure to be known as the 'nozzle-start pressure'.
For nozzle open, shot in motion, and charge not completely burnt,
Various special cases are derived thus: before the nozzle opens, 0 ; before shot start, x = 0; after 'all b u rn t', (j)=\ and (5) is replaced by
(3-5) Summary of the equations
4. R e d u c t i o n to a n o n -l e a k i n g g u n
In this section a simplified version of the set of equations (21) is dealt with, and the nature of the effects produced by gas leakage will appear by comparison with the analogous equations for an orthodox gun. I t may be said at once th at the approximations made are quite drastic, but th at this has not prevented the working ballistician, with his mass of empirical data, from founding on this basis a successful treatm ent of orthodox guns. A similar development for leaking guns appears to be possible.
I t is assumed th a t the shot starts without initial resistance and th at the nozzle flow is established at a low pressure. It is assumed, further, th at the rate of burning is proportional to pressure, th at is, that a = 1, and th at the leakage area is constant.
Placing S -0 in (21), one returns to the equations of an orthodox gun. The variation of the gas temperature with time is decided by the competition between the two terms remaining on the right of (20): the first term represents the lowering of the energy of the gas by the work done on the projectile; the second term corre sponds to the increase of energy by the burning of the propellant. The competition between these terms leads, as is well known, to a gas temperature which falls only slowly from the initial value T0, though the decrease becomes more marked towards the end of the burning; after the cordite has been consumed there is of course a rapid drop of temperature during the adiabatic expansion of the gases.
When there is a constant leakage area S there is an of (20), tending to lower the temperature by the work done in pushing gas out of the nozzle. The effect on the (tem perature: time) relation depends chiefly on the ratio S/A , where A is the cross-sectional area of the bore. For recoilless guns with nozzles of good shape, S/A lies near 0-65, and it has been found that in such cases the temperature shows a rapid drop when the nozzle opens, thereafter flattens out, and later shows the increasing rate of decline characteristic of normal guns. For most of the period of burning, the gas temperature in the recoilless gun lies near 0*9 of the mean temperature in the corresponding period of an ordinary gun.
One can approximate to both leaking and sealed guns by equations in which the temperature is given a mean value during the period of burning. For a normal gun this mean should be about 0-9T0. The mean to be used with leakage depends chiefly on S/A , decreasing to about 0*8T0 at S/A -0-7. Thus one effect of leakage may be expressed as a decrease in the effective force constant of the propellant, by as much as 10 % in a fully recoilless gun.
The mean value of R Ti s written as A. Then (21) may be integrated to give
where
The dimensionless parameter W is, as will be shown, the fundamental quantity expressing the effect of leakage on the internal ballistics. The values of W found in practice fall into two distinct classes. In the first, appropriate to smooth-bore guns and mortars, and leakage due to erosion, W is of order 0*1. I t will be seen th a t in this region the deviation of the ballistics from th a t of normal guns can be expressed as linear functions of X F. Larger values of W do not appear in practice, a t least not in the experience of the author, until values in the range 0-4-0-6 are reached. These are obtained in firings of recoilless guns with tubular propellant. When cord pro pellant is used, rather larger values of W are found. However, cord is but little used in recoilless guns. Equation (23) may be written as
An orthodox gun with a charge C( 1 -and form factor 0', would have, instead of (25), the equation
which differs from (25) in a term which is im portant only for high densities of loading. Indeed, the term (7(1 -P)/8 is correct only a t the beginning of motion in an orthodox gun, this term later increasing to C(\ -W)7j, which is about 60% greater. Thus, up to 'all-burnt' the leaking gun behaves almost as if it were an orthodox gun with the same dimensions, with the smaller charge numerically bigger form factor 0' = 0/(1 -Wa nd a described in an earlier paragraph.
Since 0' is numerically greater than 0, it is clear th at a propellant shape which is degressive in an orthodox gun is even more so in a leaking gun-whence the tendency not to use cord in recoilless guns. For the same reason, the virtues of a progressive burning shape are especially pronounced in recoilless guns.
I t is also possible to approximate to the recoilless gun by a normal gun with the same charge (7, form factor 0/(1 -¥ ), and smaller force constant A(1 -W). However, the variation of force constant between different Service propellants is small, and it is therefore difficult to use one's previous ballistic experience to form an intuitive grasp of the effects of this substantial drop in A.
The ' effective charge '
This may be recast into a form which brings out more the separate terms. For
clearly the significance of and so, writing VB for the velocity when the cordite is just burnt, For a typical gun, VB is about 80-90 % of the muzzle velocity VM, roughlŷ
For an orthodox gun with charge C , the energy of the shot at the muzzle is
Substituting from (29) and (30) into (28),
These terms may be regarded as the 'part th at pushes' and the 'part th at leaks', respectively. For a recoilless gun, S / A~ 0*65, and 0*63, so
The second term on the right may be regarded as the charge thrown backwards to balance the muzzle momentum of the shot, and implies th at in the nozzles usually fitted to recoilless guns the specific impulse of the gases is about 3Ab A formula of type (32) was used by the engineers who designed the German recoil less guns, and was based on the argument that part of the charge pushes and the rest balances the recoil. Actually the coefficient of WV2 MjX was taken to be rather greater than f , and the coefficient of WVm/M was determined by fitting to firings with ' reasonable ' charges. It can be seen th at this is not exact, though it does give a useful guide in preliminary design. The basic reduction to an orthodox gun holds only up to the end of burning. Afterwards, as will appear in § 5*3, the'pressure-space curve shows a much more rapid drop than in an orthodox gun. I t is clear th at the factor f in (32) ought to be increased, as was indeed done by the Germans. I t is possible to develop further the line of approach represented by (32), in an empirical manner, and to obtain also corrections for the pressure gradient in the gun.
In an orthodox gun with a normal type of pressure-space curve, the muzzle velocity is, for small changes in charge, roughly proportional to the charge raised to the power n, where n depends on the details of the gun and charge but is usually around 0*7. At any rate, n is positive. Thus for small leakage muzzle velocity oc (1 -W)n ~ 1 -nW.
The peak pressure may be treated similarly. For propellants with a nearly con stant burning surface, and not too fast a rate of burning, the maximum pressure is proportional to the square of the charge; hence peak pressure oc (1 -W)2 ~1 -2 W.
Exceptions to this rule are fast charges in which the peak pressure occurs at ' burnt ', and charges of cord. These cases can also be treated by the reduction to a non leaking gun. have a factor 1 -Wi n their denominators. I t follows th at recoilless guns, wh is of order 0*5, are more than normally sensitive to changes in web size or rate of burning.
Methods of solution (5-1) Numerical integration
It is desirable to write equations (21) in terms of non-dimensional variables.
Equations (21) become
t (N r )~-( y -. m §T+ % -r / i m T y .

NT'.
(33) (34) After 'all burnt',
Equations (34) can be solved by a step-by-step integration proceeding in steps of equal At. The method is not unusual in any way. I t is possible to reduce the labour of computation by the following approximations: using A to denote incre ments over a step,
AN
(36) and =
Bars denote averages over the step. Since (T ')J varies only slowly, it is possible to use the same average values for several steps in succession; the most convenient number of such steps has been found to be two, usually, but sometimes blocks of four are more convenient. The value of ' reduced variables ' in this connexion is th at they reduce the differ ences between various guns. By thinking in these terms the underlying resemblances become more obvious.
Numerical integration can be used when the nozzle throat area varies during the firing; the most important application where this occurs is to the worn orthodox gun. A considerable number of solutions have been carried out for various forms of bore resistance and leakage area depending on travel in various ways, and the author's experience has shown th at a good approximation to the effect of gas leakage in this case can be obtained by using the method of § 4 with a mean area equal to half the maximum leakage area between the unengraved projectile and the worn gun. If the rate of burning of the propellant is proportional to the pressure, it is possible to find an approximate analytical solution for the period up to 'all b u rn t'. There is a considerable saving of time over the previous method of numerical integration.
Equations (21) are used with the additional assumptions: the rate of burning is proportional to pressure, i.e. cl -1; the nozzle throat area S is independent of time. In this method it is convenient to use ordinary units except th at the temperature T is best replaced by T0 T' as in the previous method. The equations are
Let suffixes NS and S S denote conditions at nozzle start and shot start respectively.
J. Comer
Eliminating P from (38) and (42) 
Inspection of a number of accurate solutions has shown th a t it is sufficiently correct to take = J (1 + 3yT'). From (38) and (41),
AD
This holds from shot start to 'all b u rn t5.
From (20), (38) and (41),
, it follows th a t which with (45) reduces to
Equation (49) holds after nozzle opening. If the shot starts before this, (49) is used, until the nozzle opens, with W = 0. A relation is also needed between the travel and the fraction of charge burnt. Eliminating P from (40) and (41),
where vx is a certain average reduced temperature.
(50)
The dimensionless quantity A 2D2/fi2WCRT0 corresponds to parameter of the classical treatises on internal ballistics.
Equation (50) is true whether shot start occurs before or after the opening of the nozzle. One must now, however, distinguish between these two cases.
Case A . P^s ^ Pss In this case N is given by (45) for the whole n f the period of motion of the shot. Substituting into (50) and integrating from shot start onwards, where
In the integrand v1 is a function of T ', and the integration can be carried out only if Vi is averaged. I t is found that, writing the average value of x F/v1 as Q:
This holds if the arguments of the tanh-1 terms are less than unity. Where any argument is greater than unity, tanh-1 should be replaced by coth-1.
" U-Xy^-( 1 I t has been found th at pressures correct to a few per cent can be obtained by taking
The fact that v4 is greater than unity for T ' less than 0-78 is due to Q being least accurate in this region. The pair of formulae, (54) and (55), have been chosen to compensate for each other's deficiencies even at these low temperatures. The integral I becomes infinite for Q = 1, and changes in Q produce v in I if Q is near 1. This approximate method is unreliable for Q greater than 0-8. (
This integral can be evaluated as:
For 0 + 0:
with the usual caution about replacement of tanh-1 by coth-1 if the argument becomes greater than unity. A summary of the use of these equations is now given. Various mean values such as Q and the v's have been introduced, and rules for their estimation will be given. These rules were derived by analysis of a number of accurate runs for various con ditions, and it is not suggested th a t they are the only rules which will work. How ever, these rules are simple, and experience has shown th at pressures, velocities and travels can be computed in this way to within 2 or 3 %. This is ample accuracy for routine ballistic calculations, being usually less than the error arising from un certainties in the rate of burning and in the nozzle-start and shot-start pressures. The computation, which is of self-consistent nature, converges very rapidly, unless Q approaches 0-8. For this case an alternative method has been devised by Mr T. Vickers; this method uses the fact th at the pressure varies only slowly with the travel.
Case
A . Pns ^ Pss Solution at nozzle start. Equation (40) 
and then T ' can be calculated from (49). This is repeated until the results are selfconsistent.
To calculate the corresponding travel use (54), (55) and (51), with either (52) or (53). The pressure can now be calculated from (40).
Maximum pressure. By calculating the pressure at three or four evenly spaced values o f/, the maximum pressure can be found by interpolation.
A discontinuity of pressure may appear at ' all burnt ' owing to the transition from
The discontinuity is usually small and can be smoothed out. A large discontinuity indicates th at the approximation involved in the replacement of (4) by (5) in § 3*2 is not sufficiently accurate in this particular example, and th at a corrected value of RT0 must be used up to 'all b u rn t', as explained in § 3-2.
Case B. PNS > Pss
Solution at shot start. Equation (40) with P Ps s , x -0 and = 1, gives Nss = (f> ss ,and f s s follows from (39). Solution at nozzle start. Guess f NS,obtaining V from (47), = from (53) with W == 0, and x from (56) with iq from (54). The pressure can be calculated from (40). Repeat with other values of / and interpolate for P = PNS.
Solution after nozzle start. The only difference from the procedure in case A is th at (58) and (59) replace (52) and (53).
(5-3) After ' ' This case is so much simpler that an approximate analytical solution can be derived by modifying the method used for the same period in the orthodox gun.
From the exact equations, in reduced units, 
From these formulae approximate values of pressure and velocity can be calculated for any position of the shot after 'all b u rn t'. In general one needs only the muzzle velocity, for which the detailed working runs thus.
T'B,
and NB are known, from which KB is calculated. Guess T', d^/dr and N a t the muzzle, whose value of £ is known. KE follows from (63), and then one may take .
